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Wavelength  tuning  limitations  in  optically  pumped  type-ll  antimonide  lasers 

A.  P.  Ongstad,1,3'  R.  Kaspi,1  G.  C.  Dente,2  M.  L.  Tilton,2  R.  Barresi,2  and  J.  R.  Chavez2 

lAir  Force  Research  Laboratory,  Directed  Energy  Directorate,  Kirtland  AFB,  Albuquerque, 

New  Mexico  87117,  USA 

2 Boeing  Defense  and  Space  Group,  Albuquerque,  New  Mexico  87106,  USA 

(Received  26  February  2008;  accepted  11  March  2008;  published  online  8  April  2008) 

In  this  paper,  we  examine  the  wavelength  tuning  limitations  of  type-II  antimonide  lasers  containing 
InAs/InGaSb/InAs  quantum  wells.  Wavelength  tuning  is  accomplished  by  varying  the  thickness  of 
the  InAs  electron  wells  while  keeping  all  else  fixed.  In  principle,  these  wells  can  be  tuned  from 
A. —  2.5  /iin  out  to  far  IR  wavelengths  by  increasing  the  thickness  of  the  InAs  layers.  However,  a 
practical  upper  limit  of  X  — 9.5  /im  is  set  due  to  the  high  waveguide  losses  awg  and  the  diminishing 
modal  overlap  with  the  gain  at  longer  wavelengths.  The  waveguide  losses  grow  as  awg  °c  A  ’  44  and  are 
attributable  to  free  carrier  absorbance.  In  order  for  the  long-IR  laser  devices  to  achieve  threshold, 
they  must  continually  band  fill,  spectrally  tuning  to  shorter  wavelengths,  until  the  laser  gain  exceeds 
the  losses,  which  occurs  near  9.5  pm.  ©  2008  American  Institute  of  Physics. 

[DOI:  10.1063/1.2904702] 


Many  applications,  including  remote  chemical  sensing 
as  well  as  infrared  countermeasures  (IRCM)  require  lasers 
that  operate  in  the  2-10  pm  wavelength  range.  This  wave¬ 
length  region  is  important.  Several  atmospheric  transmission 
windows  are  suitable  for  IRCM  applications.  This  region 
also  constitutes  the  fingerprint  region  of  molecular  absor¬ 
bance,  where  pumping  of  molecular  vibrational  transitions 
can  lead  to  highly  sensitive  spectroscopic  detection  methods. 
Clearly,  it  would  be  advantageous  to  use  a  single  semicon¬ 
ductor  material  system  and  quantum  well  laser  design  to  pro¬ 
vide  cw  laser  sources  to  cover  this  entire  region.  Indeed,  the 
antimonide  based  III-V  compounds  can  be  used  in  this  ca¬ 
pacity.  We  employ  14  type-II  InAs /InGaSb/ InAs  quantum 
wells  which  are  imbedded  in  thick  1000  A  lattice-matched 
quaternary  (InGaAsSb)  layers.  The  InGaSb  layer  provides  a 
well  for  holes  and  is  typically  fixed  at  8  ML  thickness.  The 
InAs  layers  then  provide  coupled  quantum  wells  for  elec¬ 
trons.  Wavelength  tuning  in  this  broken-gap  band  alignment 
is  accomplished  by  increasing  the  width  of  the  InAs  electron 
wells,  which  effectively  lowers  the  energy  of  the  trapped 
electronic  state  such  that  the  emission  moves  to  longer  wave¬ 
lengths.  The  thickness  of  the  other  epitaxial  layers  is  nor¬ 
mally  not  changed.  Laser  devices  were  grown  in  our  labora¬ 
tory  using  a  commercial  solid-source  molecular  beam 
epitaxial  chamber  specifically  configured  for  antimonide  al¬ 
loy  growth.1  A  representative  type-II  well  is  shown  as  an 
inset  in  Fig.  1. 

The  epitaxial  material  was  processed  into  2.5  mm  long 
edge  emitting  lasers,  which  were  then  optically  pumped  by  a 
high-power  1.85  ptm  laser  diode  array.  The  thick  quaternary 
regions  absorb  a  majority  of  the  pump  radiation.  The  photo¬ 
generated  carriers  then  transport  from  the  quaternary  layer 
into  the  type-II  wells,  providing  the  optical  gain. 

In  this  paper,  we  examine  the  practical  wavelength  tun¬ 
ing  limitations  of  this  epitaxial  system.  Figure  1  plots  the 
emission  wavelength  versus  the  InAs  layer  thickness  in 
monolayers  for  a  large  set  of  W  lasers.  The  graph  also  shows 
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the  theoretical  wavelength  tuning  curve  calculated  by  a  su¬ 
perlattice  pseudopotential  model  (SEPM).2  4 

When  the  InAs  electron  quantum  well  thickness  is  set  to 
its  minimum  value  of  1  ML  (—3  A),  the  resulting  low  wave¬ 
length  limit  is  near  2.5  pan.  Interestingly,  if  the  electron  well 
is  completely  eliminated  (i.e.,  -0  ML  InAs),  the  emission 
wavelength  of  the  resulting  epitaxy  falls  to  —2.3  pan. 

As  is  evident  in  Fig.  1,  the  emission  wavelength  of  the 
W  wells  can  be  tuned  to  very  long  wavelengths  by  appropri¬ 
ately  increasing  the  thickness  of  the  InAs  layers.  For  ex¬ 
ample,  the  SEPM  calculations  indicate  the  emission  wave¬ 
length  for  W  lasers  with  10  and  13  ML  of  InAs  would  be 
near  10  and  20  pan,  respectively.  However,  Fig.  1  shows  that 
for  devices  with  average  InAs  layer  thickness  of  9.6,  11.2, 
and  12.4  ML  the  lasing  emission  did  not  exceed  —9.5  pan. 
Figure  1  shows  excellent  agreement  between  the  measured 
laser  wavelengths  and  the  SEPM  calculations  for  InAs  layer 
thicknesses  below  about  7  ML,  i.e.,  A <6  pm,  but  shows 
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FIG.  1.  Experimental  results  and  SEPM  calculated  tuning  curve  for  the 
wavelength  at  the  subband  edge  vs  InAs  layer  thickness.  The  circles  are  the 
laser  measured  wavelengths  for  devices  with  quaternary  concentrations  of 
20%  indium.  The  symbols  with  crosses  are  the  band-edge  energies  deter¬ 
mined  from  FTIR  absorbance  measurements.  The  inset  shows  a  representa¬ 
tive  W  quantum  well. 
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FIG.  2.  The  absorbance  spectra  for  devices  with  average  InAs  layer  thick¬ 
ness  of  4.6,  9.6,  and  11.2  ML.  The  dotted  curve  is  the  projected  absorbance 
tail  with  the  etaloning  removed.  The  arrows  mark  the  points  at  which  laser 
emission  was  observed.  The  4.6  ML  laser  device  had  a  higher  quaternary 
concentration  of  25%  indium,  for  clarity  its  absorbance  is  clipped  at  6.5  /im. 


FIG.  3.  Right  side:  the  absorption  coefficient  for  a  //-doped  GaSb  substrate 
as  a  function  of  wavelength.  The  dashed  line  is  a  fit  to  s=aXXi  where 
a=0.0049  and  />=3.44.  Left  side:  a  subthreshold  spectrum  for  the  device 
with  11.2  ML  of  InAs.  Note  the  density-of-states  like  intensity  step  begin¬ 
ning  near  13.5  /ai  and  remaining  clamped  until  approximately  9.5  /am  at 
which  point  laser  amplified  spontaneous  emission  begins. 


increasing  deviation  above  that  point  as  the  InAs  layer  thick¬ 
ness  is  increased. 

The  laser  emission  wavelength  shift  to  higher  energies  is 
suggestive  of  band  filling.  To  assess  the  location  of  the  fun¬ 
damental  subband  edge,  the  laser  samples  were  optically 
characterized  by  absorbance  measurements  using  a  Nicolet 
Magna  760  Fourier  transform  1R  (FTIR)  spectrometer  in  the 
transmission  mode.  The  laser  samples  were  mounted  using 
copper  adhesive  tape  over  an  aperture  in  the  cold  finger  of  a 
liquid-nitrogen-cooled  cryostat.  The  absorption  spectra  from 
the  samples  were  first  normalized  with  respect  to  window 
transmission  and  system  response  at  the  time  of  collection. 
In  addition,  substrate-related  absorption  features  were  elimi¬ 
nated  by  subtracting  an  absorption  spectrum  of  the  bare  sub¬ 
strate  from  the  laser  sample  spectrum.  The  resulting  set  of 
absorption  spectra  from  three  laser  samples  with  4.7,  9.6,  and 
11.2  ML  are  shown  in  Fig.  2.  In  general,  the  absorption  spec¬ 
tra  are  quite  clean,  exhibiting  a  relatively  sharp  band  edge  for 
the  transition  from  the  first  conduction  subband  to  the  first 
valence  subband.  However,  a  sinusoidal  baseline  ripple  ap¬ 
pears  in  the  spectrum  of  the  4.6  and  9.6  ML  laser  samples. 
This  etaloning  is  due  to  the  small  index  step.  An —  0.04,  be¬ 
tween  the  well  region  and  the  substrate.  The  period  of  the 
modulation  of  —214  cm-1  yields  a  layer  thickness  of 
6.15  //m  for  the  sample,  which  favorably  compares  with 
6.08  pm  for  the  as-grown  structure. 

For  the  laser  device  with  4.7  ML  of  InAs,  the  laser  emis¬ 
sion  wavelength  assessed  at  the  half  maximum  intensity 
point  on  the  low  energy  side  is  very  close  to  the  observed 
absorbance  subband  edge,  as  can  be  seen  in  Fig.  2.  In  con¬ 
trast,  the  other  spectra  show  absorbance  band  edges  further 
removed  from  the  laser  line.  For  example,  for  the  devices 
with  9.6  and  11.2  ML  of  InAs,  the  absorption  band  edges  are 
near  8  and  13  /rm,  respectively. 

Figure  3  shows  a  plot  of  the  absorbance  coefficient  e  for 
a  compensated  GaSb  substrate  on  which  our  W  laser  were 
grown.  Since  the  GaSb  boule  is  intrinsically  p  type  it  is 
compensated  with  (1-3)X1017  cm-3  of  tellurium  resulting 
in  an  //-type  material.  The  compensated  doping  is  intended  to 

reduce  free-carrier  absorbance  at  77  K.  For  the  absorbance 
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measurement  at  78  K,  the  epitaxy  was  removed  by  lapping 
off  —10  pm  of  material  on  the  epitaxial  side  of  the  chip  and 
then  polishing  it  to  a  mirrorlike  finish.  The  absorbance  spec¬ 
trum  is  characterized  by  a  monotonic  structureless  spectrum 
which  grows  as  A344.  This  is  characteristic  of  free-carrier 
absorbance  in  which  the  A3'44  dependence  is  attributable  to 
scattering  by  the  ionized  dopant/ 

For  the  W  lasers,  the  GaSb  absorbance  coefficient  will 
closely  approximate  the  lasers  waveguide  loss  awg.  This  is 
due  to  the  fact  that  the  W-active  region  clad  layers  are  GaSb 
and  provide  for  extremely  weak  index  guiding  of  the  trans¬ 
verse  mode.  In  fact,  the  index  step  between  the  superlattice 
and  the  GaSb  clad  is  estimated  to  by  only  An  —  0.04.  Em¬ 
ploying  a  complex  dielectric  waveguide  model,  we  calcu¬ 
lated  the  modal  intensity  as  a  function  of  wavelength  for  W 
lasers  operating  from  5  to  11  pm.  The  results,  displayed  in 
Fig.  4,  show  that  the  optical  mode  extends  anywhere  from 
10-50  /rm  into  the  substrate  with  the  longer  wavelength  de¬ 
vices  showing  longer  modal  tails.  Since  a  significant  fraction 
of  the  mode  samples  the  GaSb  substrate  awg  —  sGaSb.  This 


Depth  (p.m) 

FIG.  4.  A  plot  of  the  transverse  modal  intensity  for  different  wavelength 
devices  vs  depth  through  the  structure.  The  upper  line  shows  the  index  step 
and  position  of  the  quantum  wells  for  the  baseline  W  laser  structures  em¬ 
ployed  in  this  study. 
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suggests  that  the  waveguide  losses  for  the  long-IR  W  lasers 
are  appreciable.  From  the  GaSb  absorbance  data  (see  Fig.  3), 
the  estimated  losses  near  the  band-edge  energies  for  the  la¬ 
sers  containing  9.6  and  11.2  ML  InAs  are  6.2  and  33  cm-1, 
respectively.  For  the  device  with  12.4  ML  InAs  and  a  SEPM 
band-edge  calculated  at  17  /x m,  the  extrapolated  loss  is  very 
large  at  99  cm-1.  For  comparison  the  mirror  outcoupling 
losses  were  4.3  cm-1  for  the  devices  under  test  which  were 
2.5  mm  in  length  with  uncoated  facets.  For  wavelengths  be¬ 
low  —5  /rm  the  losses  are  considerably  less  (awg^2  cm"1). 
Indeed,  the  low  aws  predicted  for  the  shorter  wavelength  de¬ 
vices  are  supported  by  waveguide  loss  measurements  done 
by  a  Hakki-Paoli  “in-the-bandgap”  measurement,6  as  well  as 
by  the  more  traditional  study  in  which  the  laser  differential 
quantum  efficiency  is  measured  as  a  function  of  cavity 
length.  For  the  laser  with  4.7  ML  of  InAs,  Xlase=4.62,  the 
measured  loss  value,  as  determined  by  an  average  of  the  two 
techniques,  was  1.5  cm-1. 

Two  factors  then  serve  to  limit  the  long  wavelength  op¬ 
eration  of  these  W  lasers,  the  rapidly  rising  waveguide  loss 
with  increasing  wavelength  and  the  reduced  modal  overlap 
with  the  gain  as  wavelength  increases.  Certainly,  the  large 
waveguide  losses  may  greatly  exceed  the  maximum  small- 
signal  gain  coefficient  g  given  by  g=T  XgSL,  where  F  is  the 
modal  overlap  and  gSL  is  the  superlattice  material  gain.  In 
order  to  reach  threshold,  the  small-signal  gain  must  exceed 
the  sum  of  waveguide  plus  mirror  losses.  For  the  laser  struc¬ 
ture  with  11.2  ML  of  InAs  to  reach  threshold  at  A  =  13  /xm 
would  require  —37  cm-1  of  gain.  Since  the  maximum  small- 
signal  gain  is  considerably  below  this  value,  the  device  must 
band  fill  in  order  to  reach  the  point  at  which  the  gain  equals 
the  losses.  In  fact,  it  must  spectrally  tune  to  shorter  wave¬ 
lengths  by  continually  band  filling  until  the  gain  exceeds  the 
losses.  Such  a  process  is  evident  in  the  subthreshold  FTIR 
spectrum  shown  in  Fig.  3.  In  this  spectrum,  a  clear  low- 
intensity  step  is  observed  near  13.5  /xm  which  stays  nearly 
constant  in  intensity  until  a  sharp  increase  in  amplified  spon¬ 
taneous  emission  is  seen,  beginning  at  —9.5  /xm  and  peaking 
at  9. 1  /xm.  We  note  that  the  constant  intensity  step  beginning 
near  13.5  /xm  remarkably  appears  like  a  density -of-state 
function  for  the  first  energy  state  in  a  quantum  well.  Other 
mechanisms,  which  shift  the  lasing  wavelength  from  the  sub¬ 
band  edge,  have  been  observed  in  type-II  GaAsSb  lasers. 


These  “blueshift”  mechanisms  include  charge  separation, 
band  distortion,  and  many-body  interactions.7 

The  results  of  this  investigation  suggest  that  the  upper 
wavelength  limit  may  be  extended  somewhat  beyond 
—9.5  /xm  by  employing  a  waveguide  with  a  larger  I  value. 
The  current  low  F,  or  dilute  waveguide  design,  for  these  W 
lasers  was  chosen  in  order  to  decrease  the  transverse  diver¬ 
gence  while  simultaneously  suppressing  filament  formation 
in  the  resonator.  The  dilute  waveguide  design  has  been  ex¬ 
tremely  capable  in  this  regard  with  a  low  transverse  diver¬ 
gence  of  —22°  and  a  small  antiguiding  factor  <1.  However, 
such  a  design  is  not  as  efficient  in  adequately  confining  the 
transverse  mode  in  a  device  operating  beyond  —9.5  /xm. 
Furthermore,  the  rapidly  increasing  waveguide  losses  indi¬ 
cate  that  even  though  the  InAs /InGaSb/ InAs  epitaxy  can  in 
principle  be  tuned  to  extremely  long  wavelengths,  the  large 
waveguide  losses  will  place  a  practical  upper  limit  of  opera¬ 
tion  independent  of  the  waveguide  design. 

In  summary,  we  have  investigated  the  wavelength  tuning 
limitations  of  type-II  antimonide  based  heterostructures.  The 
low  wavelength  limit  is  near  2.5  /xm  and  is  set  by  the  mini¬ 
mum  InAs  layer  thickness  of  1  ML.  SEPM  theory  predic¬ 
tions  indicate  these  devices  can  be  tuned  to  very  long  wave¬ 
lengths  by  increasing  the  thickness  of  the  InAs  electron 
wells.  However,  FTIR  absorbance  measurements  reveal  that 
the  rapidly  increasing  waveguide  loss  growing  as  X3,44,  as 
well  as  the  diminishing  modal  overlap  with  the  gain  places  a 
practical  upper  wavelength  limit  of  \lase^9.5  /xm  on  devices 
with  thick  InAs  layers.  The  absorbance  measurements  have 
shown  that  for  these  devices  to  reach  threshold,  they  must 
band  fill,  thereby  moving  down  the  free-carrier  loss  curve, 
until  the  gain  equals  the  loss. 
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